The late positive potential (LPP) is a common measurement used to study emotional 3 4 processes of subjects in event-related potential (ERP) paradigms. Despite its extensive 3 5 use in affective neuroscience, there is presently no gold standard for how to 3 6 appropriately power ERP studies using the LPP in within-subject and between-subjects 3 7 experimental designs. The present study investigates how the number of trials, number 3 8 of subjects, and magnitude of the effect size affect statistical power in analyses of the 3 9 LPP. Using Monte Carlo simulations of ERP experiments with varying numbers of trials, 4 0 subjects, and effect sizes, we measured the probability of obtaining a statistically 4 1 significant effect in 1,489 different experiments repeated 1,000 times each. Predictably, 4 2
they facilitate the electrode application process and eliminate the need to use gel, which 1 3 7 some participants find uncomfortable. However, sponge-based systems are subject to a 1 3 8 greater degree of noise than systems using traditional or active electrodes (Jackson & 1 3 9 Bolger, 2014; Kappenman & Luck, 2010), so their use involves sacrificing some data 1 4 0 quality in favor of patient comfort. Given the less-than-ideal recording conditions that 1 4 1 some clinical laboratories might experience, using an appropriate dataset to evaluate 1 4 2 the tradeoffs between the number of subjects, number of trials, and reliability of the In this study, we conducted our simulations on LPP data collected from a large 1 4 5 sample (N=314) of community participants with a wide age range (18 to 65 years), and 1 4 6 7 we used a sponge-based electrode system coupled with a high impedance amplifier. As household objects). During the task, images were presented in pseudo-random orders 1 7 4 with no more than two pictures of the same category presented consecutively. Each 1 7 5 picture was presented for 4 s, constituting a trial, and was followed by an inter-trial 1 7 6 interval varying between 3 and 5 s, during which the subjects saw a black background 1 7 7 with a white fixation cross. The entire picture presentation and recording session lasted 30-s break between blocks. Stimuli were presented using E-Prime 1 (PST Inc., referenced to Cz. Data were sampled at a rate of 250 Hz and were filtered online using 1 8 9 a 0.1-Hz high-pass filter and a 100-Hz low-pass filter. As per the manufacturer's 1 9 0 instructions, scalp impedance was below 50 KΩ at the beginning of the recording. Section 2.6), we reduced the data and plotted the results of both emotional and neutral 1 9 4 categories to ensure that the data used in our analyses belonged to a standard LPP 1 9 5 experiment. First, we corrected eye blink artifacts using a spatial filtering method as 1 9 6 implemented in BESA software (BESA GmbH, Gräfelfing, Germany) and transformed 1 9 7 the data to the average reference. Then, we imported the data into Brain Vision 1 9 8
Analyzer 2.1 (Brain Products GmbH, Gilching, Germany) and filtered them with a low- were then segmented into 900-ms segments, starting 100 ms before stimulus 2 0 1 presentation. The 100-ms interval before stimulus presentation was defined as the 2 0 2 baseline and subtracted from every data point in the segments. Artifacts were identified 2 0 3 in the segmented data and were defined by 1) an amplitude of above 100 µV or below -2 0 4 100 µV; 2) an absolute difference of greater than 100 µV between any two data points 2 0 5 in a single segment; and 3) a maximum gradient of 25 µV/ms voltage step. Channels 2 0 6 contaminated by artifacts in more than 40% of the segments were interpolated using six 2 0 7 neighboring channels. We averaged the voltage from 10 centroparietal sensors (EGI 2 0 8 electrodes 7, 31, 37, 54, 55, 79, 80, 87, 106, 129) because, in previous studies, these 2 0 9 channels had shown the highest LPP differences between experimental conditions 2 1 0 (Versace et al., 2011) . We checked for the presence of artifacts in the averaged data 2 1 1 using the same criteria mentioned above and discarded the segments contaminated by 2 1 2 artifacts. Then, data from subjects with less than 40 artifact-free, neutral trials were 2 1 3 removed, leaving data from 313 subjects with no artifacts. For each of the 313 subjects, we calculated a grand mean ERP and 95% confidence interval for each picture category 2 1 5 ( Figure 1) . We calculated the LPP as the average voltages between 400 and 800 ms 2 1 6 after stimulus onset for each picture subcategory within the pooled sensors. As 2 1 7 expected, images with high motivational relevance, such as erotic or mutilation images, 2 1 8 prompted higher LPPs than images with low motivational relevance, such as household range. We decided to keep these outliers in the analysis to model the degree of noise 2 3 7 typical in data collected in a clinical setting. To simulate separate ERP experiments using either within-subject or between-2 4 0 subjects designs, we randomly sampled subsets of subjects from the larger data set 2 4 1 described above. For each subject we randomly sampled subsets of trials to which we the number of trials from each randomly sampled subject in order to simulate two 2 4 6 experimental conditions. For the between-subjects simulations, we sampled twice the 2 4 7 number of subjects to simulate two experimental groups. For the within-subject analysis, condition and by subtracting one-half of the simulated effect size from the other. Similarly, between-subjects effect sizes were modeled by adding one-half the simulated As shown in Figure 5 , within-subject analyses revealed that when only 10 2 7 4 subjects were included in the experiment, 80% power was only achieved for differences 2 7 5 in effect sizes larger than 1 µV, even when a large number of trials (40) was included for 2 7 6 each experimental condition. With smaller numbers of trials and smaller differences in 2 7 7 effect sizes, sufficient power to detect the differences could not be achieved. We found that, as the number of subjects increased, statistical power reached an 2 7 9 asymptote at 100% at 1.5 µV for the experiments with a higher number of trials. This number of subjects increased and became evident for effect sizes as small as 1 µV with 2 8 2 greater numbers of trials. Overall, statistical significance is harder to achieve in between-subjects 2 8 5 experimental designs than within-subject designs, and this was reflected in our results.
2 8 6 Figure 6 shows that statistical power was only achieved at higher effect sizes, greater than the slopes shown in Figure 5 , indicating that an increase in the size of the 2 9 0 difference between conditions did not affect statistical power as dramatically in 2 9 1 between-subjects designs as it did in within-subject designs. However, the overall trend 2 9 2 of slopes increasing and shifting to the left with increasing sample sizes was conserved. At lower numbers of subjects per group, 80% statistical power was much harder 2 9 4 to achieve between-subjects than within-subjects and was only achieved with greater asymptote of 100% at 20 or more trials for effect sizes greater than 1.5 µV. This 2 9 7 asymptote shifted to include smaller effect sizes and lower numbers of trials as subjects 2 9 8
were added to the experiment, with 100 subjects per group reaching an asymptote at Predictably, our results showed that increasing the number of trials and subjects 3 0 4
increased statistical power and that statistical power was greater for larger effect sizes.
3 0 5
Also, as expected, statistical power of at least 80% could be achieved at lower effect 3 0 6 sizes, population sizes, and trial numbers in within-subject as compared with between-3 0 7 subjects experiments. Furthermore, we found that, in both within-subject and between-3 0 8
subjects experiments, an increase in subjects more rapidly increased the statistical 3 0 9
power at the lower range of effect sizes (<1 µV) until the power later reached an 3 1 0 asymptote at the higher range of effect sizes (>1.5 µV).
3 1 1
Discussion
3 1 2
The present study was concerned with how best to optimize the parameters that affective processes in within-subject and between-subjects designs. We adopted the affective neuroscience and, compared with the ERN, has more modest effect sizes.
3 1 8
Detecting differences in the amplitude of the LPP evoked by emotional versus neutral 3 1 9
stimuli between groups often means investigating modest differences; accordingly, we provide a useful tool that researchers can use to evaluate the tradeoffs and achieve with 20 or 30 subjects per group, sufficient statistical power can be achieved only for 3 4 7 effect sizes larger than 1 µV, an effect larger than the LPP difference that, in our data, 3 4 8
Running head: Estimating statistical power for the LPP 1 6 separated low arousing from neutral stimuli (Figure 2) . For investigators studying more 3 4 9
modest differences, such as those often observed in interaction effects in both within-
and between-subjects designs), our results indicate that, at a minimum, 40 trials and 50 3 5 1 subjects per group are needed to achieve sufficient statistical power.
3 5 2
Our findings related to the SNR of the LPP signal also inform the field of affective However, an experiment with the same parameters that includes 20 subjects per group 3 5 7
achieves nearly 55% statistical power: by doubling the population size, the power condition is doubled to 10 trials per condition while still using 10 subjects per group and parameters in an experiment have on statistical power. Running head: Estimating statistical power for the LPP 1 7
One objective of this study was to simulate data with a higher degree of noise and 3 7 1
with modest effect sizes, as many investigators may be interested in how to sufficiently 3 7 2 power studies investigating small LPP amplitude differences or may work with noisy 3 7 3
data. Hence, our results might be less informative when very robust effects (e.g., those 3 7 4
greater than 3 microvolts) are under investigation or when noise in the data is minimal.
Furthermore, it is likely that different ERP components might show different dynamics 3 7 6
with respect to power, and as such future studies should specifically investigate statistical power for more components. By sufficiently powering clinical affective neuroscience studies, investigators will Running head: Estimating statistical power for the LPP 2 7 MUT, mutilations. CIG, cigarettes. minus averaging procedure and that only noise remained in the data. µV threshold at any given point. 
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